• The improvement in the contractile state of the myocardium that follows premature contractions has been studied extensively in intact hearts 1 and isolated cardiac muscle preparations in various species. 2 ' 3 It has also been established in the mammalian ventricle that postextrasystolic potentiation constitutes an intrinsic augmentation of the contractile state of the myocardium that is not primarily related to changes in diastolic fiber length. 4 "" When an action potential is initiated by a stimulus applied shortly after the termination of the absolute refractory period, it has been shown that only a small mechanical response, or only a slight prolongation of the ventricular pressure pulse during relaxation may be induced. 7 " 8 Recent studies have indicated that when such extra stimuli are applied regularly after the primary depolarizing stimuli, i.e., when appropriately spaced pairs of stimuli are delivered, the ventricular rate can be readily controlled and slowed by varying the frequency at which the paired stimuli are applied. 10 " 12 In addition, it has been observed that repetitive application of such paired stimuli increases myocardial contractile force, measured with a strain gauge arch, an increase that can be sustained for several hours. 18 The present study was undertaken in order to characterize this potentiation of contraction in the in situ left ventricle of the dog. The effects of sustained paired depolarizations on From the Cardiology Branch, National Heart Institute, Bethesda, Maryland.
Part of this work was presented to the American Physiological Society, Providence, Rhode Island, September 10, 1964. Accepted for publication September 17, 1964. left ventricular pressure and its rate of change, left ventricular work and power, and the velocity of ventricular ejection were examined over a range of left ventricular filling pressures. In addition, the effects on myocardial oxygen consumption (MV<>,) of changing from the single to the paired mode of stimulation at identical rates of contraction were investigated. These studies have been reported in preliminary form. 14 
Methods
Experiments were done on 14 dogs weighing between 18 and 39 kg. A right thoracotomy was performed and ventilation was maintained with a Harvard respiratory pump, using 100% oxygen. The animal was then prepared for bypass of the right heart. Following the administration of heparin, 500 units/kg, the venae cavae were cannulated and drained to a reservoir ( fig. 1 ). The circuit was primed with fresh whole blood that had previously been exchanged with that of the experimental animal. By means of an occlusive roller pump, blood was returned from the reservoir to the pulmonary artery through a cannula, which was inserted through the right ventricular outflow tract. Blood flow was measured with a Kolin-Kado gated-sine wave electromagnetic flowmeter, 15 the probes* of which were placed either on the ascending aorta or in the right heart bypass circuit. Mean systemic arterial pressure was regulated by means of a bottle, connected to a compressed air circuit, which was attached to the femoral arteries. In seven dogs coronary blood flow was measured during a steady state by timed collection of the drainage from the right heart chambers, this effluent representing total coronary blood flow minus the left thebesian drainage ( fig. 1 ). Arterial and coronary venous blood samples were obtained simultaneously, and analyzed for oxygen by the method of Van Slyke Schematic representation of the experimental preparation. Blood drains from the superior vena cava (S.V.C.) and inferior vena cava (I.V.C.) to a reservoir (Res.), and is returned by the pump to the pulmonary artery (PA). Coronary blood flow is returned to the reservoir through a cannula placed in the right ventricle (RV), and is measured intermittently in the graduate. S: .lite for drawing coronary venous blood samples. The stimulating catheter is placed in the RV. Catheters for measuring pressure are placed in the aorta and left ventricle (LV) and attached to strain gage transducers (Pr. C). The controlled pressure reservoir is attached to a compressed air circuit, and communicates with the femoral arteries (Femoral Art.) and, through a shunt line which is used intermittently, with the reservoir. An electromagnetic flowmeter (E.M.F.) probe is placed around the ascending aorta. and Neill. MV 0o was calculated as the product of coronary blood flow and the coronary arteriovenous O 2 difference. Left ventricular pressure was measured through a no. 9 French cardiac catheter 6 cm in length that had been inserted through the apex of the left ventricle and attached directly to a Statham P23D pressure transducer. Central aortic pressure was measured by means of a short, large bore catheter inserted into the aortic arch Circtltlion Rtiurcb. Vol. XVI, April 196i through the left subclavian artery. The first derivative (dp/dt) of the left ventricular pressure pulse was determined with a linear R-C differentiating circuit and was recorded continuously together with the pressure, flow and electrocardiogram on a direct-writing oscillograph.*
In the initial experiments electrodes were sutured to the wall of the left ventricle, and single or paired stimuli were applied with an American Electronics Laboratories stimulator. In later experiments a bipolar electrode catheter was placed into the outflow tract of the right ventricle and impulses were supplied from a battery-powered device, t Stimuli of 3 to 4 ma in strength and 2.5 to 3 msec in duration were applied. During the delivery of paired stimuli, the interval between the two impulses ranged from 180 to 230 msec. In many experiments the spontaneous heart rate was initially slowed by crushing the sino-atrial node.
Stepwise variations in left ventricular filling were achieved by sequentially varying the output of the pump in the right heart bypass circuit. When comparisons were made between left ventricular dynamics during single stimulations and during delivery of paired stimuli, the output of the pump was held constant and the stimulator was abruptly changed from the single to the paired mode of stimulation, the rate of ventricular contraction and mean aortic pressure also being held constant. In two experiments, the effects of single and paired stimulation were determined before and after beta-adrenergic blockade with nethalide 1 " (5 mg/kg, iv). In two other animals, reserpine was administered for two days prior to the experiment (total dose 0.30 mg/kg, IM).
Stroke work was calculated from the formula: (MAP-LVED) (SV) (1.36) 100 where MAP = mean aortic pressure and LVED = left ventricular end diastolic pressure in mm Hg, and SV = the stroke volume in ml. Stroke power, ejection time, and mean ejection rate were calculated by conventional formulae. The mean systolic pressure in the aorta was measured by planimetric integration, the product of this mean systolic pressure and the ejection time constituting the tension-time index, expressed in mm Hg sec. 17 Results
EFFECTS OF PAIRED STIMULATION UNDER CONSTANT CONDITIONS
The effects of changing from single to paired *Sanborn, series 350. * Dogs in which reserpine was administered prior to study. Interval refers to time between paired stimuli. Ao press.: aortic pressure; s/d, m: systolic/diastolic, mean; LVED: left ventricular and diastolic pressure; SV: stroke volume; Eject.: ejection; Max.: maximum; LV: left ventricular; S\V: stroke work; SP: stroke power; TTI: tension-time index per beat; CBF: coronary blood flow; A-V 0o : arteriovenous O 2 difference. MV O , : myocardial oxygen consumption. stimulation on left ventricular dynamics were measured in 45 instances in 14 dogs, while mean systemic arterial pressure, ventricular contraction rate, and cardiac output were held constant. Qualitatively similar responses were observed in all instances and the results of representative experiments are shown in table 1, and figures 2 to 5. When an impulse was delivered from 180 to 230 msec after the first stimulus, a second ventricular depolarization was observed electrocardiographically, with little detectable mechanical extrasystolic activity. Augmentation of left ventricular performance began with the contraction associat-ed with the second pair of stimuli and increased progressively in the next few contractions ( fig. 2 ). This augmentation was characterized by an increase or no change in the peak systolic ventricular pressure, an increase in the peak rate of rise (dp/dt) of this pressure, a reduction in the duration of the ejection period, elevations of the mean and peak rates of ventricular ejection, increased stroke power, and usually a fall in left ventricular end diastolic pressure (figs. 2 and 3).
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Effects of Repetitive Paired Stimuli on Ventricular Performance and Myocardial Oxygen Consumption
In seven experiments in which left ventricular end diastolic pressure was low (< 7 mm Hg) during the period of single stimulation, paired ulation ranged between 0 and 12 mm Hg, and averaged 4 mm Hg; the increases in the peak left ventricular dp/dt ranged between 45 and 200% and averaged 112% over control levels; the reductions in ejection time ranged between 5 and 28% and averaged 15% below control levels; and the stroke power was augmented by 8 to 60%, an average increase of 25%. The increases in the maximum rates of ventricular ejection in six experiments ranged from 18 to 57% and averaged 36%.
Upon termination of the paired stimuli and return to single stimulation at the same ventricular contraction rate, a period of reduced left ventricular performance frequently occurred, characterized by an elevation of left ventricular end diastolic pressure above control levels, and reduction in ventricular dp/dt, ejection rate, and stroke power to values below control. This depression occurred after paired stimulation had been maintained for periods as short as 30 seconds and gradually disappeared during intervals of from 1 to 15 minutes, its duration and severity depending on the length of time during which the paired stimuli were applied. Furthermore, although depression of this type was usually minimal early in the experiments, in later stages when myocardial performance had deteriorated, its magnitude and duration became more marked ( fig. 3 ).
In the two dogs in which reserpine was administered prior to study, (dogs no. 16 and no. 17, table 1), the augmentation of ventricular performance was comparable to that observed in the nonreserpinized animals. In the two experiments in which nethalide was administered, this drug resulted in some reduction in left ventricular performance, but the augmentation caused by paired stimuli was not diminished ( fig. 4 ).
EFFECTS OF PAIRED STIMULI AT VARIOUS STROKE VOLUMES
In 15 experiments on 11 dogs the effects of stepwise alterations of stroke volume were compared during periods of single and paired stimulation at identical mean arterial pressures and ventricular contraction rates. The results were similar in all experiments, and representative results are shown in figures 5 and 6. The two studies shown represent the largest and the smallest changes in left ventricular end diastolic pressure that were induced by paired stimulations during this type of experiment. Alterations in the pump output resulted in stepwise changes in the left ventricular end diastolic pressure during both modes of stimulation. However, paired stimulation always shifted the relationships between left ventricular end diastolic pressure and mean ejection rate, peak ejection rate, peak left ventricular dp/dt, and stroke power upwards and to the left (figs. 5 and 6). An
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upward and leftward displacement of the curves relating left ventricular end diastolic pressure to stroke volume and to stroke work usually occurred, the largest displacement of these two curves which was noted being shown in figure 5 . Little or no change in these two curves was noted in the experiments in which left ventricular end diastolic pressure did not diminish significantly during paired stimulation, the smallest displacement being shown in figure 6 .
EFFECTS OF PAIRED STIMULI ON MYOCARDIAL OXYGEN CONSUMPTION
In eight experiments on seven animals MVO,, was measured during periods of single and paired stimulation, while ventricular contraction rate, stroke volume, and mean aor- tic pressure were held constant. In each experiment the MVo., increased during the augmentation of left ventricular performance associated with paired stimulation, the increases ranging from 9 to 70% and averaging 35% (table 1) . Coronary blood flow always increased also, the increases ranging from 12 to 40% (avg 28%) of control, while the arteriovenous O 2 differences widened by 0.10 to 3.20 vol % (avg 1.46 vol %) in four experiments and narrowed slightly by 0.20 to 1.12 in four (avg 0.54 vol %). In all experiments the tension-time indices fell when the stimulation was changed from the single to the paired mode, the decreases ranging from 8 to 24% and averaging 14%. Thus, in every experiment, in spite of an increase of MV 0o , the tensiontime index decreased during paired stimulaion.
Discussion
The present experiments demonstrate that repetitive, appropriately spaced, paired stimuli induce a marked and sustained improvement in left ventricular performance, the most striking characteristic of which is an augmentation in the speed of ventricular contraction. We have termed this phenomenon "electroaugmentation." Moreover, it is of interest that in some animals in which left ventricular end diastolic pressure was low during the control periods, little or no decrease in left ventricular end diastolic pressure occurred during Comparison between the effects of single and paired stimulation at various stroke volumes. Although little change in the left ventricular end diastolic pressure occurred at any level of stroke volume during paired stimulation, and hence the relationship between LVED pressure, stroke volume, and stroke work were essentially unchanged (toji 2 panels), the speed of contraction was augmented (bottom 4 panels).
paired stimulation. In these instances, the left ventricular function curves 18 were not elevated, and the improvement in left ventricular performance was evidenced only by those measurements which reflected the increased speed of contraction, i.e., stroke power, ejection time, ejection velocity, and dp/dt. The electroaugmentation exhibited many of the features considered to be characteristic of postextrasystolic potentiation. Thus, it was not evident if the second stimulus was delivered during the absolute refractory period and a second depolarization did not occur.
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The augmentation began with the contraction associated with the second pair of stimuli, and it became fully developed over the course of several beats. Similar phenomena have been observed following premature contractions in isolated segments of mammalian heart muscle 8 ' 19 ' 20 and in beating hearts. 4 " 6 In addition, studies in mammalian papillary muscle have shown that the intrinsic velocity of contraction increases during postextrasystolic potentiation. 21 Finally, the magnitude of the potentiation following an extrasystole is directly proportional to its prematurity, 19 ' 20 ' 22~-4 and the striking augmentation observed in the present studies might thus be, in part, related to the application of the second stimulus so early as to cause little detectable mechanical extrasystolic activity. From these considerations it would seem clear that repetitive paired stimulation is a sustained form of postextrasystolic potentiation.
Slurring of the descending limb of the ventricular pressure pulse was frequently observed during paired stimulation. Although the possibility has been considered that no second mechanical event need follow a very early second depolarization, a -4 ' T> 8 ' n>1 -and despite the fact that the ventricular pressure pulse had only a single peak, it is likely that a second mechanical event occurred. The ventricular pressure pulse is a summation of sequential fractionate contractions, and whether or not the second depolarization always induces an undetected contraction cannot be resolved with certainty from the pressure tracings. However, it is evident that a second contraction is not mechanically responsible for the potentiation, since the first pair of depolarizations are not accompanied by augmentation and the first contraction after stopping paired stimulation remains potentiated in the absence of any possible second mechanical event.
The fundamental mechanisms that underlie postextrasystolic potentiation or its expression in the sustained form of electroaugmentation, described in this investigation, remain unknown. It seem unlikely from the experiments on reserpinized dogs and those receiving nethalide that local release of norepinephrine played a significant role. Koch-Weser and Blinks 8 and others 22 ' 26 have postulated that both negative and positive inotropic effects follow excitation or activation and that, together with the basic strength of rested-state contractions, their sum determines the strength of subsequent beats. 3 These two inotropic effects are considered to be cumulative, and the present experiments support the view that the positive inotropic effect is larger and decays more rapidly than the negative inotropic effect in the mammalian ventricle." Thus, the initial potentiation elicited by paired stimuli was followed by a positive "treppe" as the paired stimuli were continued. When paired stimulation was stopped, the force of contraction temporarily fell below the control level, presumably because the negative effect of activation decayed more slowly than the positive. This depression of the contractile state following discontinuation of paired stimulation was of interest since it was sometimes characterized by a marked elevation of the left ventricular end diastolic pressure which persisted for several minutes, a response that has not previously been described. The identities of these proposed positive and negative inotropic effects of activation are unknown. Loss of potassium ions from the myocardium has been implicated in the Bowditch staircase phenomenon. 2 More recently, studies have shown the important role played by calcium in muscular contraction and relaxation. It has been observed that an increase in calcium influx occurs with increased rate of contraction, suggesting that this ion is intimately involved in the positive inotropic effects of increasing frequency. 27 " 29 Calcium influx has been shown to be related to the degree of depolarization, 30 and if it is dependent on the frequency of depolarization as well, then an increase in [Ca**] near the myofilaments could play a fundamental role in the augmentation of the contractile state of the myocardium produced by paired stimulation. Regardless of the precise mechanism involved, recent clinical studies showing that paired stimulation exerts a profound pos-itive inotropic effect on the right and left ventricles suggest that a similar mechanism operates in the human heart. 31 Paired stimulation consistently produced an augmentation of the MVo,. It is possible that a portion of the increased MVo., during paired stimulation was related to energy expended in doubling the rate of depolarization and repolarization rather than in altering the mechanical activity of the heart. The increase in MVo., was reminiscent of the "oxygen wasting" effect associated with catecholamine stimulation of the myocardium since comparable increases in external mechanical work did not occur, and the tension-time index, which has been found to correlate directly with MVo 2 at any given level of myocardial contractility, 17 always fell during paired stimulation. However, the marked increase in the speed of contraction that occurred raises the possibility that part of the increase in MVo., that accompanied paired stimulation reflected an additional expenditure of energy used for generating this increased speed, an increase which would not be reflected in the tension-time index. 17 This effect could thus be analogous to the proportionality between the rate of heat liberation and the speed of shortening in skeletal muscle described by Hill. 82 The present experiments suggest, therefore, that speed of contraction may be an important determinant of MV 0 .,.
Summary
When a depolarizing stimulus is delivered to the ventricle immediately following the refractory period, little extrasystolic contraction occurs and repetitive paired stimulation then results in a marked and sustained improvement of ventricular performance which has been termed electroaugmenration. The present study characterizes this augmentation and its effects on myocardial oxygen consumption (MVon)-In 45 experiments on 14 dogs in which mean aortic pressure and stroke volume were held constant by right heart bypass, a change from single to paired stimulation at identical contraction rates markedly increased the performance of the left ventricle as evidenced by shortening of ejection time, increase in left ventricular dp/dt, stroke power, and peak ejection rate, and sometimes by a fall in end diastolic pressure. Similar results were obtained after administration of reserpine or nethalide. In 15 experiments on 11 dogs the stroke volume of the left ventricle was varied during single and paired stimulation. Improvement in left ventricular performance during paired stimulation was always evidenced by increased speed of contraction and an upward displacement of the curves relating end diastolic pressure to stroke power, mean and peak ejection rates, and sometimes by an upward displacement of the curves relating end diastolic pressure to stroke volume and stroke work. In eight experiments MVoo was determined during single and paired stimulation, stroke volume, mean aortic pressure, and contraction rate being held constant. Paired stimulation always increased MV,,.,, the average increase being 35%. Despite this rise in MV 0 .,, a reduction in the tension-time index always occurred. These studies indicate that repetitive paired stimulation exerts a powerful and sustained positive inotropic influence on the mammalian ventricle and that, at a relatively constant level of external work, the increased velocity of ventricular contraction which accompanies this effect results in an increase in MVo. v
